Cell-selective glucocorticoid receptor (GR) binding to distal regulatory elements is associated with cell typespecific regions of locally accessible chromatin. These regions can either pre-exist in chromatin (pre-programmed) or be induced by the receptor (de novo). Mechanisms that create and maintain these sites are not well understood. We observe a global enrichment of CpG density for pre-programmed elements, and implicate their demethylated state in the maintenance of open chromatin in a tissue-specific manner. In contrast, sites that are actively opened by GR (de novo) are characterized by low CpG density, and form a unique class of enhancers devoid of suppressive effect of agglomerated methyl-cytosines. Furthermore, treatment with glucocorticoids induces rapid changes in methylation levels at selected CpGs within de novo sites. Finally, we identify GR-binding elements with CpGs at critical positions, and show that methylation can affect GR-DNA interactions in vitro. The findings present a unique link between tissue-specific chromatin accessibility, DNA methylation and transcription factor binding and show that DNA methylation can be an integral component of gene regulation by nuclear receptors.
Introduction
The glucocorticoid receptor (GR) is a member of the steroid receptor superfamily of transcription factors (TFs). GR is ubiquitously expressed and controls a wide spectrum of physiological processes including metabolism, differentiation and immune responses. However, glucocorticoid-mediated gene expression profiles observed in various cell types overlap minimally. Several mechanisms have been implicated in cellselective regulation by GR, including tissue-specific expression of co-regulatory proteins (Xu et al, 1999; O'Malley, 2007) , and the organization of local chromatin structures (Zaret and Yamamoto, 1984; Wang et al, 2004; John et al, 2008) .
Chromatin access imposes an important constraint for TF interactions with the template (Wiench et al, 2011) . Regulatory elements can become available by localized remodelling of nucleosome structures, and these perturbations can be detected by an increased susceptibility to chemical or enzymatic (e.g., DNaseI) digestion. DNaseI hypersensitive (DHS) sites thus serve as hallmarks of regulatory protein interactions at the template as well as sites of chromatin remodelling (John et al, 2008) . Mapping these sites provides an accurate method for identifying the position of functional elements including promoters, enhancers and locus control regions (Xi et al, 2007; Boyle et al, 2008; Auerbach et al, 2009; Hesselberth et al, 2009) .
We characterized GR interactions in the context of chromatin accessibility in two murine cell lines: mammary epithelial (3134) and pituitary corticotroph (AtT-20) (John et al, 2008) . Regions of remodelled chromatin were mapped as sites of DHS, and GR-binding profiles were determined by chromatin immunoprecipitation (ChIP); both were found to be highly cell type specific. These findings have recently been extended to the genome scale, using Digital DNaseI sequencing (DNaseI-seq) and ChIP-seq, respectively (John et al, 2011) . GR binds mostly to distal regulatory elements (enhancers) and almost exclusively within regions of accessible chromatin, suggesting that nucleosome reorganization is a universal requirement for GR-chromatin interactions. Two types of interactions are observed: B88% of GR binding takes place at constitutively accessible chromatin regions (pre-programmed DHSs), while B10% of GR binding occurs at hormone-dependent sites (i.e., regions that are remodelled only after hormone activation); these are designated de novo or inducible DHSs ( Figure 1A ). Thus, we conclude that tissuespecific transcriptional profiles are critically defined by GR occupancy at cell-specific glucocorticoid response elements (GREs), and propose that availability of these elements for binding is regulated by remodelling of local chromatin structure. The mechanisms that create and maintain these accessible chromatin regions are not understood but are clearly central to the regulation of tissue selective receptor function. They are likely determined by combinatorial binding and interactions between different chromatin regulators with DNA methylation possibly being one of them.
In differentiated mammalian cells, cytosine methylation (5mC) is established exclusively in a CpG context by a family of DNA methyltransferases (Dnmts) (Klose and Bird, 2006; Clouaire and Stancheva, 2008; Lister et al, 2009 ). The vast majority (98%) of CpG dinucleotides is located within CpG-poor regions, and is mostly methylated. The remaining 2% is densely grouped as CpG islands located at the 5 0 end of the genes (Saxonov et al, 2006; Suzuki and Bird, 2008) . In normal differentiated cells, CpG islands stay mostly unmethylated (Shen et al, 2007; Weber et al, 2007; Illingworth et al, 2008) . Thus, the unmethylated state of CpG islands is not a good indicator of the transcriptional activity of associated promoters.
DNA methylation has been shown to be subject to changes during differentiation at sequences outside of core promoters and CpG islands (Weber et al, 2007; Meissner et al, 2008; Yagi et al, 2008; Ball et al, 2009; Brunner et al, 2009; Maunakea et al, 2010) , where most GR binding occurs. Furthermore, selective demethylation has been suggested to be associated with the formation of DHS chromatin regions (Thomassin et al, 2001; Kim et al, 2007; Santangelo et al, 2009 ) while methylated regions are relatively refractory to DNaseI (Groudine and Weintraub, 1981) or MspI (Antequera et al, 1989) digestion. Although the formation of accessible chromatin within distal enhancers is highly tissue-specific (Xi et al, 2007; Heintzman et al, 2009 ) DNA methylation at these elements has not been systematically studied.
We have utilized the hormone-inducible GR as a model system to examine DNA methylation at tissue-specific enhancer regions. We find that distal regulatory elements are enriched in CpG dinucleotides when compared with the surrounding genomic regions. CpG methylation at GR-associated DHS sites is a cell type-specific event, with hypomethylation correlating with chromatin accessibility and GR binding. We further observe that this feature is characteristic for the pre-programmed sites while de novo DHSs are different both in CpG content and methylation pattern. They specifically occur at low CpG density sequences and are thus devoid of the strong suppressive effect of methylated cytosines. Furthermore, tissue-specific methylation of de novo DHSs is restricted to a few CpG dinucleotides and reflects a state established before ligand-triggered activation. When a CpG is located within the core GRE motif, the methylation can directly destabilize GR-DNA interactions in vitro. We also provide evidence that the restricted CpGs serve as sites of dynamic, hormone-induced changes in methylation. Global changes in DNA methylation alone, in Dnmt1-depleted cells, moderately increase chromatin accessibility but are not sufficient to enhance GR binding, suggesting that complex chromatin structures like DHSs are maintained by the combined action of multiple contributing factors.
Results

CpG content of GR-bound DHS regions
CpG dinucleotides are underrepresented in most of the genome due to the increased mutability of methylated cytosine (Shen et al, 1994) . The exception is unmethylated CpGs (B) All distal (4 ± 2.5 kb) DHS sites identified by DNaseI-seq were scanned from 5 kb upstream to 5 kb downstream and the average number of CpG dinucleotides was determined for 3134 and AtT-20 cell lines. The average density of CpG dinucleotides for all DHSs as well as for a subset of DHSs exclusive of CpG islands is shown in Supplementary Figure S1 (n, number of sites analysed in each group). (C) The same analysis was performed for GR-bound regions identified by GR ChIP-seq and located 2.5 kb away from the TSS. All GR-binding sites and GR-binding sites outside of CpG islands were also analysed and showed similar distribution of CpGs (Supplementary Figure S2) . (D) Oct4 and Stat3 binding sites are also enriched in CpG dinucleotides. Binding data were from data sets previously published (Chen et al, 2008) and available in GEO Database ID no. GSE11431.
within CpG islands, which have been maintained under selective pressure at proximal promoters. To determine the CpG content of DHS regions, we assessed the number of CpGs within ±5 kb of the centre of all DHSs. We observe a major enrichment in CpG density (3-3.5-fold increase) localized within 2 kb of the centre of the DHS elements in both 3134 and AtT-20 cells (Supplementary Figure S1A) . A large component of this enrichment is due to the global overlap between CpG islands and promoter-proximal DHS sites (Supplementary Figure S1B and C), as previously reported (Auerbach et al, 2009; Hesselberth et al, 2009 ). GR binding is rare within CpG islands (B1%) and regions within 2.5 kb from transcription start site (TSS) (B7%) (Supplementary Figure S2A) and occurs predominantly at distal DHS sites. When only distal DHS sites are analysed they also show an increase in the occurrence of CpG dinucleotides when compared with surrounding sequences ( Figure 1B ; Supplementary Figures S1D, E and S2B). CpG enrichment is further observed when only GR ChIP-seq peaks are considered, both in 3134 and AtT-20 cells, despite markedly different genomic locations of GR binding ( Figure 1C ; Supplementary Figure S2C -E). These distal CpG occurrences are not, however, clustered in typical 'island' structures. They are smaller, and do not satisfy the criteria typically applied to CpG islands (GC content X50% and observed/predicted CpGs ratio X0.6). Moreover, we show that enrichment of CpG dinucleotides at enhancers is not unique for GR-bound regions, but is detected also for Oct4 and Stat3 binding in mouse embryonic stem cells (Chen et al, 2008) . As observed for GR, these factors bind mostly distal elements (B80%) (Supplementary Figure S2A) , and these elements show a local increase in CpG density, even when promoter-proximal binding sites are excluded from the analysis ( Figure 1D ).
We postulate different mechanisms of GR binding within pre-programmed and de novo DHSs, as the latter require hormone-induced nucleosome rearrangement to increase template accessibility after stimulation ( Figure 1A) . We, therefore, examined the complete set of GR-bound DHSs and compared the subsets of pre-programmed and de novo sites (Figure 2A and B) . This analysis reveals that the observed increase in CpG content within GR-bound DHSs is due to CpG enrichment at pre-programmed sites only. These elements are even more enriched in CpG elements when shared between the 3134 and AtT-20 cell lines ( Figure 2C ; Supplementary Figure S2F ). Further analysis shows that preprogrammed sites are always characterized by CpG density higher than surrounding sequences and this feature is independent of the CpG content of sequences they lie within (high versus medium versus low CpG density) ( Figure 2D within de novo sites is observed only when they are located within regions with high (B1.4/100 bp) average CpG content ( Figure 2E ). Based on the observed contrast in CpG content between pre-programmed and de novo DHSs, we suggest that DNA methylation might be one of the features that contribute to the formation of these different chromatin entities and that DHS sites inducible by GR represent a distinct class of enhancer elements.
CpG demethylation at GR-binding sites correlates with cell type-specific chromatin accessibility
We next analysed the methylation status of tissue-specific GR enhancers associated with GR-regulated genes. We compared DNA methylation levels at 17 selected sites in untreated 3134 and AtT-20 cells using the bisulphite sequencing method (Supplementary Table S1 ). Seven of these sites are localized within pre-programmed DHSs, eight are found at de novo DHS regions, and two are localized at regions described as hormone dependent in 3134 and hormone independent in AtT-20. None of the sites overlap with a CpG island. The CpG density within a peak of GR binding varies between 0.7 and 4. Between 3 and 12 CpGs were analysed for methylation at each site.
The pre-programmed DHS sites shared between 3134 and AtT-20 are fully demethylated in both cell types (Per1-R1 and Arrdc2-R1) ( Figure 3A ; Supplementary Figure S3A ). However, tissue-specific DHSs are demethylated in the cell type where they are accessible, but hypermethylated in the cell where they are inaccessible and lack GR binding (3134 specific: Dusp1, Fkbp5 and AtT-20 specific: Arhgef3, Ttr) (Figure 3B and C; Supplementary Figure S3B and C). As was reported for CpG islands (Meissner et al, 2008; Brunner et al, 2009) , the methylation pattern at pre-programmed DHSs is mostly bimodal and prevalent across the whole hypersensitive region (bimodal equals methylation 480% or o20%). Moreover, cell typespecific pre-programmed DHSs that are independent of GR binding also show differential methylation patterns, possibly associated with other TFs (Supplementary Figure S4) . Thus, the correlation between demethylation status and accessibility appears to be a general feature of pre-programmed chromatin at enhancer elements.
In contrast to pre-programmed DHS sites, de novo sites are characterized by low CpG content, especially when located within genomic regions of high CpG density ( Figure 2B and E). Moreover, the CpGs present in these elements lack a clear methylation signature. They are characterized by a non-homogenous pattern of DNA methylation, unlike the bimodal distribution and with tissue-specific demethylation restricted to a subset of CpGs ( Figure 3D ; Supplementary Figure S5 ). We refer to them as 'differentially methylated CpGs' if the difference in methylation levels between cell types is at least 35%. This pattern is consistently observed in a set of enhancer elements located near many GR-activated genes, including Tsc22d3, Snf1lk, Chrna5, Sgk (elements R1 and R3), Per1 (element R2), Ptprg, Suox, Mef2b and Arrdc2 (element R2) (Figure 3D and E; Supplementary Figure S5 ). The location of differentially methylated CpGs relative to the core GRE sequence varies, and factor(s) active at these sites remain to be specified. However, the observed pattern suggests that this differential methylation is a common and prerequisite feature of de novo DHSs, marking these sites as closed chromatin that is poised for remodelling.
The correlation between DNA methylation, chromatin accessibility and GR binding is further exemplified by the Sgk gene (Serum and glucocorticoid-regulated kinase), a major GR target that is activated by corticosteroids in many cell types (Wang et al, 2004; John et al, 2009) . Despite its ubiquitous expression, Sgk is regulated by different sets of GR-binding elements ( Figure 3E ). A comparison of 3134 and AtT-20 revealed the presence of cell type-specific GR-binding sites with DNA methylation strongly reflecting chromatin accessibility in a given cell type. The Sgk-R1 element is a 3134-specific de novo site within which cell type-specific demethylation occurs at CpG #1 in 3134 cells. The Sgk-R2 element is an AtT-20-specific pre-programmed (accessible) site within which all CpGs are demethylated in AtT-20 cells. In contrast, this element is constitutively methylated and inaccessible in 3134 cells. In particular, the Sgk-R3 site provides an example of an element that is commonly utilized in both cell types, but hormone dependent in 3134 cells and hormone independent in AtT-20 cells. Within this element, demethylation of CpG #3 is cell type specific (4% in AtT-20 versus 57% in 3134).
Next, we attempted to answer the question whether demethylation of DNA alone is sufficient to affect chromatin accessibility of inactive enhancers and facilitate GR binding to these elements. Using siRNAs to Dnmt1, we decreased the levels of DNA methylation in 3134 cells (Supplementary Figure S6) and observed a 2-3-fold increase in chromatin accessibility both at silent enhancers (AtT-20 specific: Sgk-R2, Arhgef3 and Ttr) and at de novo sites (Suox and Ptprg) ( Figure 4A ). Chromatin accessibility at control sites characterized by a complete lack of methylation was not affected by the Dnmt1 knockdown (Sgk-CpG island, Per1-R1). However, the observed increase in accessibility was well below the degree of enrichment (5-30-fold change) present at AtT-20 cells where these elements are established as pre-programmed DHS sites ( Figure 4A , left panel; Supplementary Figure S7 ). Additionally, GR binding (GR-ChIP) was not enhanced after Dnmt1 depletion ( Figure 4B ). Thus, we conclude that the change in DNA methylation alone is not sufficient to promote the conversion of silent chromatin into active chromatin despite the partial restoration of chromatin accessibility.
DNA methylation at the core GRE can interfere with GR binding in vitro
Besides the indirect effect that methylated cytosines have on generating repressive chromatin environment, they can also directly interfere with the ability of TFs to bind regulatory elements and many TFs have been shown to include the CG dinucleotide within their recognition motif (Klose and Bird, 2006) . The GRE consensus site derived from the global GR-binding data is a 15-mer sequence with palindromic hexamer ACA/TGT, separated by a 3-bp spacer with highly degenerate nucleotides (John et al, 2011) . Each half of the hexamer provides contact sites for interactions with GR (Luisi et al, 1991; So et al, 2007; Meijsing et al, 2009 ). However, the GR consensus sequence ( Figure 5A ) does not include CpG dinucleotides, and we consider that GR binding is influenced primarily by methylation in an indirect manner. Nevertheless, nucleotide substitutions at GREs even within non-degenerate positions exist in vivo. Among 8236 GR-binding sites characterized in 3134 cells (John et al, 2011) , 576 GREs were identified with a substitution creating a CpG site either at the first (ACG) or second (CGT) half of the GRE hexamer ( Figure 5A ). When located within an ACG sequence, the methylated cytosine is in close proximity to the GR arginine 466 which is one of the main contact sites for GR-DNA interaction (Supplementary Figure S8A ; Meijsing et al, 2009 ). In addition, CpGs were also observed at less critical nucleotides within the 3-bp spacer, or at regions flanking the GRE. Using electrophoretic mobility shift assay (EMSA), we evaluated the potential effect of methylation on GR binding in vitro to sequences where a CpG is located at the core hexamer, spacer or flanking region. The reaction was performed with purified GR protein fragments containing both ligand-and DNA-binding domains and with methylated or unmethylated probes based on the sequences from three genomic loci: Suox-GRE (ACG), Ampd3-GRE (spacer) and Sgk-GRE (CpGs located þ 1 and À5 bp from GRE) (Figure 5B and C; Supplementary Figure S8B -E). We observed that GR binding was compromised by 5mC when present at a critical GRE base (Suox-GRE). In contrast, the interaction was unaffected when cytosine was located within a spacer or outside of the core 15-mer (Ampd3-GRE and Sgk-GRE) ( Figure 5C ; Supplementary Figure S8E) . The results of the in vitro assay demonstrate that a subset of GREs can be potentially affected, and thus potentially regulated by the presence of a methylated cytosine if it is located at critical nucleotide positions within the GRE sequence.
Hormone-dependent demethylation at GR-binding sites
In 3134 cells, the location of the hormone-induced GR-binding site encompassing Suox-GRE coincides with induced (de novo) hypersensitivity while in AtT-20 this chromatin region remains inaccessible and methylated ( Figure 6A ). The regulatory CpG at Suox-GRE shows partial, 50% methylation in 3134 cells before induction. Further analysis of this site after hormone stimulation revealed a rapid demethylation process initiated 5 min after activation ( Figure 6B and C) . Demethylation of CpGs at the Suox-GRE was observed after stimulation with both synthetic (dexamethasone, Dex) and natural (corticosterone, Cst) ligands, and affected the regulatory CpGs on both DNA strands ( Figure 6B ) while more distant CpGs remained unchanged after hormone treatment and were methylated independent of cell type ( Figure 6A ; Supplementary Figure S9 ). It is unlikely that this fast response is caused by passive, replication-dependent demethylation. Additionally, the kinetics of demethylation was similar after blocking the cell cycle with aphidicolin ( Figure 6D ). Thus, this observation supports rather a mechanism of active demethylation, as described recently for promoter regions of other nuclear receptor-regulated systems (Kangaspeska et al, 2008; Metivier et al, 2008; Kim et al, 2009) . Prolonged hormone treatment (12 h) resulted in partial remethylation. The timing of remethylation coincided with a decrease in the transcriptional activity of the Suox gene (John et al, 2009) .
Regulatory elements of actively transcribed genes are marked by a pattern of active modifications including acetylation of H3, trimethylation of H3K4 and monomethylation of H3K9 (Barski et al, 2007; Wang et al, 2008; Heintzman et al, 2009) . ChIP with antibodies against H3 modifications at the Suox-GRE locus showed no significant changes in histone modifications following hormone treatment ( Figure 6E ). The example of the Suox-GRE demonstrates that the CpG element that affects GR-DNA interactions in in vitro binding also shows dynamic tissue-dependent demethylation and methylation in vivo. Importantly, the process of chromatin remodelling and GR binding within this region is associated with changes in methylation, but not histone modifications. To evaluate whether hormone-triggered demethylation is a common feature of a GR regulatory network, we analysed the status of DNA methylation during dexamethasone treatment at two additional de novo sites: Mef2b and Ptprg (Supplementary Figures S10 and S11; DHS and GR-binding profiles are shown in Supplementary Figure S5) . Both sites encompass a GRE sequence with an ACA-4ACG substitution (Supplementary Table S1 ) and similar to the Suox example, partial demethylation of a single CpG within Mef2b and Ptprg enhancer regions was observed shortly after stimulation. Prolonged dexamethasone treatment restored the basal methylation level (indicated by arrows in Supplementary  Figure S10) . However, despite similar time courses for DNA methylation changes, the three examples discussed here display differences in the type of CpG involved: differentially methylated and within a GRE (Suox), non-tissue specific and within a GRE (Mef2b), and differentially methylated but outside of a GRE (Ptprg). The common feature appears to be the presence of partial (40-80%) methylation observed in naive cells. We propose that the methylation states measured at a given site in cell populations are composite averages that reflect dynamic enzymatic processes of methylation and demethylation. Activation of the receptor could then impact the 5mC equilibrium state at a given site.
Discussion
In the present study, we highlight the role of DNA methylation as an integral component of transcriptional regulation mediated by nuclear receptors. An unexpected finding was a highly localized enrichment of CpG dinucleotides at distal enhancers, identified by genome-wide GR-binding and global DHS profiles. Spontaneous deamination of 5mC to thymidine is a frequent event and a major cause of global depletion of CpG dinucleotides across the mammalian genome (Shen et al, 1994) . However, activity-related demethylation of proximal promoters has led to the conservation of CpGs within these regions in the form of CpG islands (Saxonov et al, 2006) . Furthermore, the correlation between the presence of unmethylated CpG islands and hypersensitive chromatin has been previously reported (Xi et al, 2007; Boyle et al, 2008; Auerbach et al, 2009 ). Due to the observed CpG enrichment for pre-programmed DHSs, we propose that DNA methylation may also have a role in the formation of open chromatin regions and maintenance of enhancer elements. We hypothesize that the utilization of distal regulatory elements is accompanied by cytosine demethylation, and this link to enhancer activity has also maintained the increased density of CpG dinucleotides. In fact, we observe that shared DHSs are more enriched in CpGs than tissue-specific elements. Figure S8E ) (mean values±s.d., n ¼ 2-6); M, methylated. For Suox-GRE, similar results were obtained by repeating the experiment with bigger GR fragment (116-777aa). The oligo probes with mutations disrupting Suox-GRE motif (mut) or mutation disrupting CpG element within Suox-GRE and reversing to a perfect motif (G4A) were used as controls.
Our study supports the observation that pioneer factor interactions in embryonic stem cells might leave unmethylated windows at enhancers as a mark of permissive chromatin for subsequent activation of tissue-specific genes (Xu et al, 2007 (Xu et al, , 2009 . Thus, chromatin structures can be established early in development by one set of factors and then maintained during differentiation by others. Whether DNA methylation is causal or reflective of processes regulating the occurrence of enhancer elements remains an unanswered question. Our results suggest that once chromatin states have been established in a given cell line the global decrease in DNA methylation (Dnmt1 knockdown) only partially increases chromatin accessibility and is not sufficient to induce GR binding. Therefore, the demethylated state is a feature of hypersensitive sites and the hypersensitive site, as a structure, is a prerequisite for GR binding. Similarly, increase in histone acetylation alone does not lead to the increase of chromatin accessibility at the Tat gene (Flavin et al, 2004) .
Much of our understanding of DNA methylation and gene regulation comes from the study of CpG islands. There is agreement that high density CpG promoters are rarely methylated (3-4%) and are associated with ubiquitous housekeeping genes or highly regulated developmental genes (Shen et al, 2007; Weber et al, 2007; Illingworth et al, 2008) , while low CpG density promoters are generally methylated and linked to tissue-specific genes (Meissner et al, 2008) .
However, in both cases no correlation has been found between gene expression and DNA methylation: global demethylation of CpG islands does not ensure transcriptional activity, while low density CpG promoters are frequently methylated in inactive as well as in active states (Weber et al, 2007) . In addition, a considerable number of methylated CpG islands have been recently found in the vicinity of actively expressed genes in CD4 þ T cells . We demonstrate here that, in contrast to CpG islands, the methylation pattern of enhancer elements is a common tissue-specific feature that correlates well with both chromatin accessibility and TF binding. Recently, two groups reported a general decrease in methylation at active enhancers, suggesting that sustaining these elements in an unmethylated state might be important for their availability for protein-DNA interactions (Lister et al, 2009; Schmidl et al, 2009 ). These reports did not, however, examine local chromatin structure as a critical feature.
A persistent difficulty in this type of study is the assignment of enhancer function to transcriptional activity of a given gene. This complexity is exemplified by activity of the Sgk gene. Although this locus is active in both cell types utilized in this study, unique GR-binding elements are employed in each cell. Thus, to evaluate the role of methylation, we have focused specifically on GR-binding efficiency at a given GRE. As clearly shown in the several examples pre- sented, demethylation of CpG dinucleotides is uniformly associated with tissue-specific GR binding.
Many regulatory elements in mammals, especially those that are tissue specific, as well as 'covered' promoters of inducible genes in yeast, show high nucleosome occupancy in vivo that might effectively compete with TF binding (Cairns, 2009; Tillo et al, 2010) . Restricted access to regulatory information is a key element of inducible or cell typespecific control of gene expression. In the current report, we discriminate between pre-programmed and de novo DHSs as distinct chromatin structures that are characterized by different CpG content and CpG methylation patterns. Pre-programmed DHSs are similar to CpG islands in their bimodal and widespread methylation pattern, with 5mC acting as a strong suppressive mark, supporting closed chromatin conformations with demethylation shifting the balance towards hypersensitive chromatin. However, agglomeration of CpG dinucleotides at pre-programmed DHSs is much lower in comparison with CpG islands and this feature may render these sites easier targets for de novo methylation. The CpG density of not 41.4 CpG per 100 bp seems to be required for the majority of de novo DHSs. This feature could protect de novo DHSs from a strong inhibitory effect of methylated cytosines which, if densely grouped, could draw in repressory complexes and prevent dynamic changes during remodelling of the site. Thus, the methylation state of scarce CpG dinucleotides at de novo elements is not necessarily an obstacle for chromatin transitions and rapid response to stimuli. We show here that demethylation of limited CpGs accompanies the chromatin transition of de novo sites after hormone treatment. The change in methylation status could reflect the occurrence of unstable nucleosome or follow changes in nucleosome positioning (Chodavarapu et al, 2010) . Alternatively, a methylation shift could lead to an exchange between TFs with opposite affinities to modified cytosines within their responsive elements, similarly to what has been reported for CREB and C/EBPa (Rishi et al, 2010) . Furthermore, single CpGs are likely the most efficient targets for active demethylation.
We demonstrate that ligand-triggered demethylation of single CpGs at de novo sites is rapid and replication independent, suggesting an active enzymatic mechanism. Once controversial, evidence is now accumulating to support the presence of active demethylation processes in vertebrates, involving a deamination-glycosylation-base excision repair pathway (Kangaspeska et al, 2008; Metivier et al, 2008; Ooi et al, 2008; Rai et al, 2008; Gehring et al, 2009; Kim et al, 2009) . This is consistent with the observation of DNA breaks accompanying DNA demethylation at the Tat-GRU (Kress et al, 2006) . Although this example was reported to require several hours, other rapidly occurring events have been previously published and have argued that demethylation was carried out by an active mechanism which affected several CpGs within promoter regions (Kangaspeska et al, 2008; Metivier et al, 2008; Kim et al, 2009) . We propose that such events might be frequent at enhancer elements, especially at de novo DHSs, which are characterized by a very limited number of CpG dinucleotides. Demethylation affecting a single CpG has been recently reported at the RET gene enhancer in response to retinoic acid treatment (Angrisano et al, 2010) . Consistently, examples of active demethylation discussed above as well as one of the first cases of activity-dependent demethylation of BDNF gene in neurons (Martinowich et al, 2003) describe small changes of 20-40%, similar to our observations. Cytosine methylation can affect the transcriptional response through multiple mechanisms (Klose and Bird, 2006) . This modification can directly interfere with the ability of a TF to bind to regulatory elements, or it can affect local chromatin structure. A primary methylation signal is mediated through the action of methyl binding domain proteins and their interactions with co-repressor complexes (Klose and Bird, 2006; Clouaire and Stancheva, 2008) . Alternatively, the unmethylated state can be maintained by proteins (i.e., Cfp1) that bind specifically to unmethylated sequences (Thomson et al, 2010) . Many differentially methylated CpGs described in this paper are within sequences flanking GR-binding elements, suggesting involvement of GR-associated factors. However, we have identified a subset of GREs where substitutions at a non-degenerate base create CpGs within the GRE core element. We further demonstrate that in these cases GR binding in vitro can be affected by the presence of 5mC. We also show that in the case of the Suox-GRE, DNA methylation rather than histone modifications have a leading dynamic role during the hormone response.
These findings underscore the importance of DNA methylation analysis at base pair resolution (Weber et al, 2007; Hodges et al, 2009; Lister et al, 2009; Zhang et al, 2009) , within regulatory elements and distinct from CpG islands. Further investigation of dynamic DNA methylation at these elements, particularly using genome-wide and high-throughput methods (Ball et al, 2009; Hodges et al, 2009; Lister et al, 2009) should considerably advance our understanding of the modulation of the epigenetic landscape, and the contribution of these mechanisms to the regulation of transcriptional activity.
Materials and methods
Cell lines and culture
The 3134 cell line is a subclone of 904.13 (Fragoso et al, 1998) derived originally from a mammary tumour of the RIII mouse (Lowy et al, 1978) . The AtT-20 cell line is an anterior pituitary corticotroph of murine origin (ATCC). Both cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (Atlanta Biologicals), 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, and 2 mM L-glutamine and 5 mg/ml of penicillin-streptomycin. Cells were kept in 371C incubator with 5% CO 2 . Before hormone treatment, growth medium was replaced with DMEM supplemented with 10% charcoal-dextran-treated serum (Invitrogen) for 24 h. Hormone stimulation was performed with either 100 nM dexamethasone (Dex) or 1 mM corticosterone (Cst) for indicated time. For cell-cycle arrest, 3134 cells were cultured with DMEM supplemented with 10% charcoal-dextran-treated serum and 1 mM aphidicolin for 24 h before dexamethasone stimulation. The aphidicolin effect on cell cycle was confirmed by propidium iodide staining and flow cytometry.
Genomic DNA preparation, bisulphite conversion and methylation analysis Cells were harvested at the designated time points and genomic DNA was extracted using QIAamp DNA Mini Kit (Qiagen). One microgram of DNA was bisulphite converted and then purified using the EpiTect Bisulfite Kit (Qiagen). DNA was eluted with nuclease-free water and used for PCR. The primers for amplification of converted DNA were designed using MethPrimer software (Li and Dahiya, 2002) . The primers sequences are listed in Supplementary Table S2 . PCR products were gel extracted (Qiagen) and ligated into PCR2.1 TOPO vector (Invitrogen). The colonies were used directly in the PCR. PCR products were screened for positive clones, purified using ExoSAP-IT (USB Corporation) and sequenced (Macrogen USA, Rockville, MD). For each condition, 15-25 separate clones were analysed using MethTools 2.0 software (Grunau et al, 2000) .
Primers for methyl-specific PCR were designed to be complementary to the methylated cytosine ('C' in bisulphite-converted DNA) on the 3 0 end. The primers' sequences and PCR conditions using AmpliTaq Gold 2 Â PCR Mix (Applied Biosystems) are shown in Supplementary Table S3 . PCR products were subsequently analysed in 2% agarose gels and band intensity was quantified using TotalLab Quant software. The results were normalized to the control (Ctrl) reactions with non-discriminative primer sets for each fragment analysed (listed previously in Supplementary Table S2) .
Methylation-specific restriction enzyme analysis of bisulfitetreated DNA was used to detect methylation changes after Dnmt1 depletion. Each analysed fragment was PCR amplified using primers showed in Supplementary Table S2 and then subjected to restriction analysis with BstBI, EcoRV, TaqaI, HpyCH4III and RsaI restriction endonucleases (New England Biolabs). The details are presented in Supplementary Figure S6C .
Dnmt1 siRNA transfection
We transfected 3134 cells with Dnmt1 siRNA ON-TARGET smart pool (Dharmacon, L-056796-01-0010), siCONTROL Non-Targeting siRNA (D-001810-10-20) or empty control cuvette and grown 2 days. The transfections were then repeated with the same siRNA and controls and grown additional 2 days before harvest. Briefly, five million washed 3134 cells were mixed with 14 mg of siRNA or control and subjected to three 10-microsecond pulses using a BTX Electro Square Porator T820. Surviving cells were immediately re-plated in growth media in 100 or 150 mm dishes for formaldehyde-assisted isolation of regulatory element (FAIRE) and ChIP analyses, respectively. In addition, the efficiency of Dnmt1 knockdown was monitored by western blot, RT-qPCR and methylationspecific restriction enzyme analysis (Supplementary Figure S6) . Cell extracts for western blots were made in RIPA buffer with protease inhibitors and quantified by Bradford assay. In all, 40 mg of total cell extract was used for the western blots with 1:2000 dilution of anti-Dnmt1 antibody (Active Motif 39204). For Dnmt1 and GR expression analysis, total RNA was extracted using the RNeasy Mini Kit (Qiagen), including a DNaseI digestion step (RNase free DNase Set, Qiagen). One microgram DNA was reverse transcribed (iScript cDNA Synthesis Kit, BioRad) in 20 ml reaction volume, and 1 ml was used per qPCR using SYBR Green and a BioRad IQ system (BioRad) with the following primers: Dnmt1-For 5 0 -TCAACGAGG CAGACATCAAG-3 0 , Dnmt1-Rev 5 0 -GTTCACCACAGCTTCCTCGT-3 0 and GR-For 5 0 -AGGCCGCTCAGTGTTTTCTA-3 0 , GR-Rev 5 0 -TACAGC TTCCACACGTCAGC-3 0 .
Chromatin immunoprecipitation
We seeded 3134 cells in DMEM supplemented with 10% charcoaldextran-treated serum in 150 mm tissue culture plates and collected the next day for ChIP experiments after indicated time of 100 nM dexamethasone treatment. ChIP was performed using standard protocols (Upstate Biotechnology) with crosslinking step (1% formaldehyde, 371C, 10 min) followed by a 10-min quenching step with 150 mM glycine. Chromatin was sonicated using Bioruptor sonicator (Diagenode) with 30 s 'on' and 30 s 'off' for 15 min. In all, 400 mg of sonicated chromatin was immunoprecipitated with antibodies against H3K4me3 (5 mg of ab8580, Abcam), H3K9me1 (15 mg of ab8896, Abcam), H3ac (5 mg of 06-599, Upstate/Millipore) and GR (cocktail of antibodies 7.5 mg of PA1-511A, ABR; 15 mg of MA1-510, ABR; and 3 mg of sc-1004, Santa Cruz). DNA isolated from immunoprecipitates as well as input DNA was used as a template for qPCR (primer pairs are listed in Supplementary Table S4) . Standard curves were created by 10-fold serial dilution of an input template. The data present mean values from three independent experiments (error bars s.e.m.).
Formaldehyde-assisted isolation of regulatory elements-qPCR
Cells were seeded on 100 mm tissue culture plates, collected and sonicated according to the ChIP protocol. After sonication, samples were subjected to repeated phenol/chloroform extraction as previously described (Giresi et al, 2007) . Next, the FAIRE samples and input samples were incubated overnight at 651C in order to reverse the crosslinks, subsequently followed by Proteinase K and RNase treatment, phenol/chloroform purification and ethanol precipitation. The dried pellets were resuspended in 50 ml of water and the FAIRE enrichment was analysed by qPCR using primers listed in Supplementary Table S4 . The method was first validated in order to confirm whether tissue-specific and hormone-dependent chromatin accessibility described by DNaseI-seq (John et al, 2011) could be detected. Two independent sets of samples were collected and compared between AtT-20 cells and 3134 cells, either naive or treated with dexamethasone for 1 h. The FAIRE enrichment was then compared between untransfected, Dnmt1 siRNA-transfected and control siRNA-transfected 3134 cells. The results were obtained in three independent experiments, normalized to input samples and displayed as mean values with error bars (s.e.m.). Two-tailed Student's t-test was applied to calculate the statistical significance between Dnmt1 siRNA-transfected samples and the remaining conditions.
Electrophoretic mobility shift assay EMSA was performed to determine whether sequence-specific DNA-GR interactions within the Suox, Ampd3 and Sgk GREs are altered by the presence of methylated CpG. Oligonucleotides and methylated oligonucleotides were purchased from Operon Technologies, Inc. Oligonucleotides encompass 32 bases of each enhancer element with 15 bases defined as a consensus GRE site centrally located (Supplementary Table S5 ). The following controls for Suox-GRE were used: Mut Suox-GRE (four substitutions disrupting Suox-GRE motif) and G4A Suox-GRE (G4A substitution disrupting CpG element and reversing GRE to the perfect motif). The sense oligonucleotides were annealed to the corresponding antiparallel partners to create EMSA probes. Purified hGR proteins (aa418-777 and aa116-777) were used in EMSAs. In vitro activities were determined using BIAcore DNA-binding, gel shift and fluorescence polarization assays. Indicated amounts of protein in 10 ml reaction (10 mM Tris-HCl, pH 7.0, 5% glycerol, 50 mM NaCl, 5 mM MgCl 2 , 1 mM EDTA, pH 8.0, 1 mM freshly added dithiothreitol and 100 nM Dex) were incubated with or without 40 ng of doublestranded probes for 30 min on ice. DNA-protein complexes were resolved on 6% non-denaturing polyacrylamide gel electrophoresis (2 min 400 V followed by 15 min 200 V) and stained with SYBR Green for 45 min.
In order to increase the detection sensitivity of shifted and free DNA, the results for Suox-GRE were repeated using EMSA probes phosphorylated with T4 polynucleotide kinase (New England Biolabs) in the presence of [g-32 P] ATP. The binding reaction with GR aa418-777 was performed as above using 25 000 c.p.m. of a probe and 100 ng of poly(dI Á dC).
DNaseI-seq, ChIP-seq data analysis and CpG distribution analysis DNAseI-seq and ChIP-seq experiments were described previously (John et al, 2011) . High-throughput sequencing output was processed for both DNaseI and ChIP data by detecting regions of significant tag enrichment as 'hotspots' using algorithm described in John et al (2011) .
For CpG distribution analysis, we counted the number of CpG dinucleotides contained in 100-bp window centred at each genomic base pair within 5 kb upstream and downstream from the centre of given regions. Then, we calculated the average counts over the DHS hotspots or GR ChIP peaks as specified in the respective figures. The bootstrapping analysis was applied to mediate the difference in the number of observations between unique and shared preprogrammed sites ( Figure 2C ). In all, 140 hotspots were chosen randomly from unique DHSs and average CpG counts were calculated repeatedly 100 times. The mouse genome assembly mm8 (UCSC Genome Browser) was used as a reference genome. The genomic coordinates of TSSs and CpG islands were downloaded from the UCSC genome browser (http://hgdownload. cse.ucsc.edu/goldenPath/mm8/database/refGene.txt.gz and http:// hgdownload.cse.ucsc.edu/goldenPath/mm8/database/cpgIslandExt. txt.gz). The ChIP-seq data sets for Oct4 and Stat3 binding were obtained from GEO database ID number GSE11431 (Chen et al, 2008) . CGI-associated regions were excluded from the analysis.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
